ABSTRACT : We previously reported that a basic region/leucine zipper (bZIP) protein, a hybrid of the GCN4 basic region and C/EBP leucine zipper, not only recognizes cognate target sites AP-1 (5′-TGACTCA-3′) and cAMP-response element (CRE) (5′-TGACGTCA-3′) but also binds selectively to noncognate DNA sites: C/EBP (CCAAT/enhancer binding protein, 5′-TTGCGCAA), XRE1 (xenobiotic response element, 5′-TTGCGTGA), HRE (HIF response element, 5′-GCACGTAG), and E-box (5′-CACGTG). In this work, we used electrophoretic mobility shift assay (EMSA) and circular dichroism (CD) for more extensive characterization of the binding of wt bZIP dimer to noncognate sites as well as full-and half-site derivatives, and we examined changes in flanking sequences. Quantitative EMSA titrations were used to measure dissociation constants of this hybrid, wt bZIP, to DNA duplexes: Full-site binding affinities gradually decrease from cognate sites AP-1 and CRE with K d values of 13 and 12 nM, respectively, to noncognate sites with K d values of 120 nM to low µM. DNA-binding selectivity at half sites is maintained; however, half-site binding affinities sharply decrease from the cognate half site (K d ) 84 nM) to noncognate half sites (all K d values > 2 µM). CD shows that comparable levels of R-helical structure are induced in wt bZIP upon binding to cognate AP-1 or noncognate sites. Thus, noncognate sites may contribute to preorganization of stable protein structure before binding target DNA sites. This work demonstrates that the bZIP scaffold may be a powerful tool in the design of small, R-helical proteins with desired DNA recognition properties.
In order to examine the relationship between protein structure and DNA-binding function, we exploit the protein R-helix, a structure used ubiquitously for sequence-selective DNA recognition and one that chemists have successfully manipulated in design and synthesis studies for many years (examples include refs 1-8) . GCN4 is a dimeric transcriptional regulator that governs histidine biosynthesis in yeast under conditions of amino acid starvation (9) . Crystal structures of the basic region/leucine zipper (bZIP) 1 domain of GCN4 bound to the AP-1 site (5′-TGACTCA) (10) and cAMP-response element (CRE) site (5′-TGACGTCA) (11, 12) and the Jun-Fos bZIP heterodimer bound to AP-1 (13) show that a continuous R-helix provides the basic region interface for binding to specific DNA sites, as well as the leucine zipper coiled coil dimerization structure. The fulllength GCN4 monomer is 281 amino acids, and the bZIP comprises a dimer of ∼60 residue monomers. We previously generated a series of minimalist bZIP proteins comprising alanine-rich variants of the GCN4 basic region fused to the C/EBP leucine zipper: The wt bZIP comprises the native GCN4 basic region. McKnight and co-workers showed that exchanging basic regions and leucine zippers between GCN4 and C/EBP resulted in functional proteins that targeted cognate DNA sites (14) , and likewise, we found our wt bZIP hybrid to be functionally equivalent to the GCN4 bZIP (15, 16) .
We previously showed that wt bZIP dimer binds strongly and selectively to the full sites of noncognate gene-regulatory sequences (17) . In the current work, quantitative electrophoretic mobility shift assay (EMSA) and circular dichroism (CD) were used for more extensive characterization of the binding of wt bZIP dimer to noncognate half sites as well as full sites (Figure 1 ). These noncognate gene-regulatory sequences include the C/EBP consensus sequence (CCAAT/ enhancer binding protein, 5′-TTGCGCAA), XRE1 (xenobiotic response element, 5′-TTGCGTGA), HRE [hypoxia inducible factor (HIF) response element, 5′-GCACGTAG], and canonical enhancer box (E-box) (5′-CACGTG).
Like GCN4, C/EBP is a bZIP transcription factor. However, the C/EBP family is broadly distributed and involved in regulation of a variety of functions, whereas GCN4 is native to yeast and regulates histidine biosynthesis. The other regulatory sites are targeted by the basic/helix-loop-helix (bHLH) transcription factor family. Although the bZIP and bHLH both use a dimer of basic R-helices to target specific DNA sites, they are distinctly different families of transcription factors. Within the bHLH are subfamily variants including the basic/helix-loop-helix/zipper (bHLHZ), wherein a leucine zipper contiguous to the bHLH is part of the dimerization domain; bHLHZ proteins includes Max, Mad, and Myc, which target the E-box sequence 5′-CACGTG (18, 19) . This transcription factor network comprises widely expressed proteins critical for control of normal cell proliferation and differentiation (20, 21) ; myc genes are suspected of being among the most frequently affected in human tumors and disease (22) .
Another bHLH subfamily is the bHLH/PAS, wherein the PAS domain assists in efficient protein dimerization, such as in aryl hydrocarbon receptor (AhR), aryl hydrocarbon receptor nuclear translocator (Arnt), and HIF-1R (23) . AhR (also called the dioxin receptor) (24, 25) and Arnt (26, 27) heterodimerize in the presence of ligands, including dioxins and polychlorinated biphenyls (PCBs); this activated complex then binds XREs and activates gene transcription (28) (29) (30) (31) . AhR and Arnt bind distinct, unrelated half sites in the XRE1 site, 5′-TTGC‚GTG (dot separates half sites) (32) . The HIF-1R/Arnt heterodimer targets HRE, which resides in enhancer regions of target genes involved in glycolysis, erythropoiesis, and angiogenesis (upregulation of vascular endothelial growth factor transcription) under the hypoxic conditions surrounding nascent tumor growth (33) .
Quantitative EMSA titrations were used to examine the binding behavior of wt bZIP dimer with the cognate AP-1 half site, 5′-TGAC, and noncognate half sites ( Figure 1 ): C/EBP half site (5′-TTGC), Arnt E-box half site (5′-TCAC), and Max E-box half site (5′-CCAC). We also examined different flanking sequences; for example, the core E-box is 5′-CACGTG; yet, Max and Myc prefer 5′-CCACGTGG, and Arnt prefers 5′-TCACGTGA (34) . Quantitative EMSA shows that wt bZIP dimer still targets full sites AP-1 and CRE, and their respective cognate half site 5′-TGAC, with strongest affinities. Full-site binding affinities decrease gradually from AP-1 and CRE to the various noncognate sites. In contrast, half-site binding affinities decrease sharply: Binding drops by 3 orders of magnitude between the cognate 5′-TGAC half site and all noncognate half sites. CD shows that these noncognate sites can preorganize the partially folded bZIP into a more stable R-helical structure, inducing the same levels of helicity as does binding to cognate AP-1. Our results demonstrate that the R-helical bZIP molecular recognition scaffold can provide a useful platform for quantitative dissection of protein-DNA recognition and design of new proteins that target desired DNA sequences with tunable levels of binding affinity and sequence selectivity.
EXPERIMENTAL PROCEDURES
Materials. DNA oligonucleotides were purchased from Operon Biotechnologies. Enzymes were supplied by New England Biolabs. Reagents were supplied by Aldrich, Acros/ Fisher, or Bioshop. Radioactive nucleotides were purchased from Amersham, and radioactivity was monitored by a Beckman LS 6500 scintillation counter. DNA sequencing was performed on an ABI 3730XL 96 capillary sequencer using a combination of the Big Dye and dGTP Big Dye Sequencing Kits (Applied Biosystems) at the DNA Sequencing Facility in the Centre for Applied Genomics, Hospital for Sick Children (Toronto, ON). Electrospray ionization mass spectrometry (ESI-MS) was performed on a Micromass ZQ model MM1 Mass Spectrometer (Waters) at the University of Toronto at Mississauga.
Preparation of wt bZIP Proteins. The protocol for producing bacterially expressed 96-mer wt bZIP (expressed wt bZIP) has been described in detail previously (35) . The following is a brief summary. The gene for expression of wt bZIP was assembled by mutually primed synthesis, amplified by PCR with terminal primers, and purified by nondenaturing polyacrylamide gel electrophoresis (PAGE). Duplex DNA was cloned into vector pTrcHis B (Invitrogen) for expression of proteins with an amino-terminal sixhistidine tag for purification purposes. Recombinant plasmids were sequenced and transformed into Escherichia coli strain BL21(DE3) (Stratagene) by electroporation (Bio-Rad E. coli Gene Pulser). Bacterial expression of wt bZIP was performed in LB medium with 100 µg/mL ampicillin. Cells were harvested by centrifugation and lysed by sonication, followed by protein isolation using TALON cobalt metal-ion affinity resin (Clontech). A chemically synthesized 57-residue peptide (synthetic wt bZIP) was obtained from Biomer Technology (Concord, CA) using standard Fmoc chemistry followed by cleavage and deprotection. Purification of both bacterially expressed and chemically synthesized wt bZIP has been described in detail (17) . Protein purity was confirmed by high-performance liquid chromatography (HPLC, Beckman System Gold) on reversed-phase C 18 columns (Vydac). ESI-MS analysis: expressed wt bZIP: calculated, 10941.0 g/mol; found, 10939.0 g/mol with the initiating Met at the N terminus of wt bZIP cleaved during post-translational modification (36); synthetic wt bZIP: calculated, 6822.9 g/mol; found, 6821.0 g/mol (see Supporting Information for sequences of expressed and synthetic wt bZIP).
DNase I Footprinting Analysis. Procedures for DNase I footprinting and EMSA were described in more detail previously (17) . The 3′-and 5′-flanking sequences surrounding the AP-1 and XRE1 target sites are from the his3 and CYP1A1 promoter regions, respectively. Flanking sequences surrounding C/EBP, HRE, and the Partial site are the same as those for EMSA (discussed below). For E-box, the flanking sequences are the same as those used by Agre et al. in their work on C/EBP bZIP (14) . For 5′-endlabeled footprinting, recombinant pUC19 plasmids with correct inserts were first linearized with Hind III and radiolabeled with [γ-32 P]ATP, followed by Ssp I digestion resulting in ∼650 bp DNA duplexes (16) . The expressed wt bZIP protein was added to reaction mixture containing TKMC buffer (20 mM Tris, pH 7.5, 4 mM KCl, 2 mM MgCl 2 , and 1 mM CaCl 2 ), 100 µg/mL bovine serum albumin (BSA), 5 mM dithiothreitol (DTT), 1 µg/mL poly(dI-dC), and 5% glycerol.
Footprinting was performed with bacterially expressed wt bZIP, which is a 96-mer comprising the GCN4 basic region, residues 226-252; the C/EBP leucine zipper, residues 310-338; an extra 31 amino acids from the expression vector at the N terminus that include a six-His tag, plus a nine-residue GGCGGYYYY linker at the C terminus (35) . Footprinting was also performed with chemically synthetic wt bZIP, which is a 57-mer comprising the GCN4 basic region, C/EBP leucine zipper, and a C-terminal tyrosine for spectroscopic evaluation.
32 P-endlabeled DNA fragment was then added to the mixture, followed by incubation at 4°C for 2 h, 37°C for 1 h, and room temperature for 30 min. Footprinting reactions were digested by DNase I for 3 min at 22°C. Increasing wt bZIP concentration may promote soluble aggregates with DNase I and/or nonspecific binding to DNA, which may shield DNA from DNase I cleavage. Therefore, to obtain clear footprints and hypersensitivity bands, final DNase I concentrations varied depending on the concentration of wt bZIP: 0.5 mg/mL DNase I for reactions containing no wt bZIP; 10 mg/mL DNase I for reactions containing 0.5 µM and 1 µM wt bZIP (monomeric concentration); and 50 mg/ mL DNase I for reactions containing 3 µM wt bZIP (monomeric concentration). After termination of DNase I cleavage, reaction products were analyzed by PAGE. Gels were dried and autoradiographed using storage phosphor technology with a Molecular Dynamics Storm 840 PhosphorImager System and ImageQuant software (version 5.2).
EMSA. The annealed DNA duplexes were doubly labeled at the 3′ terminus with [R- 32 P]dTTP by DNA polymerase I, Klenow fragment. Solid wt bZIP was freshly dissolved to a monomeric concentration of 2 µM and sequentially diluted to required concentrations (0.05 nM to 1 µM monomeric concentrations) with EMSA buffer [20 mM Tris and 1 mM phosphate, pH 7.5, 5 mM NaCl, 4 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 1 mM ethylene diamine tetraacetic acid (EDTA), 100 µg/mL non-acetylated BSA, 2 µg/mL poly-(dI-dC), 200 mM guanidine-HCl, and 10% glycerol]. Protein solutions were boiled at 90°C for 10 min and cooled to room temperature over 4 h, followed by the addition of 3′-endlabeled DNA duplexes (DNA final concentrations <15 pM) on ice and incubation at 4°C overnight, 37°C for 1 h, and room temperature for 30 min. Reactions were analyzed by 10% PAGE at 120 V for 90 min. Gels were dried and autoradiographed as above.
Determination of K d Values. The volumes of the bands corresponding to free and bound DNA were quantified using Molecular Dynamics ImageQuant software (version 5.2).
(The "volume of the band" is defined by Molecular Dynamics as the "overall intensity within the area of the band.") All gels were run under equilibrium binding conditions. The bound DNA fraction (θ app ) was calculated as the volume of the band corresponding to the bound DNA, divided by the sum of the volumes of the bands corresponding to free and bound DNA. The bound DNA fractions vs protein monomer concentrations were fit to eq 1, a modified two-state binding equation for determination of apparent dissociation constants, with KaleidaGraph software (version 3.6.4, Synergy Software). This binding model for bZIP-DNA complexation has been used previously by other groups for calculation of dissociation constants (37, 38) .
where K d corresponds to the apparent monomeric dissociation constant, [M] is the concentration of monomeric wt bZIP, θ min is the bound DNA fraction when no wt bZIP is present, and θ max is the bound DNA fraction when DNA binding is saturated. Only data sets fit to eq 1 with R values >0.970 are reported. Each dissociation constant was determined from the average of two independent data sets.
The net bound DNA fractions (∆θ app ) are given as references of binding affinities, specifically in those cases where saturation protein binding was not achieved in EMSA titration experiments. The net bound DNA fractions (∆θ app ) are the net increases of bound DNA fractions measured in the presence of protein at monomeric concentrations 1 µM or 200 nM from bound DNA fractions measured in the absence of protein. Each net bound DNA fraction was determined from the average of two independent data sets.
CD Spectroscopy. DNA oligonucleotides were the same as those used in EMSA ( Figure 1 ) and annealed without additional purification. The annealed DNA duplexes were purified by Amicon Ultra-4 Centrifugal Filter (Millipore) followed by ethanol precipitation. Purity of DNA duplexes was monitored by ultraviolet/visible (UV/vis) absorbance (Beckman DU 640 spectrometer). Each duplex DNA stock solution (5 µM) was prepared in 12.5 mM potassium phosphate buffer (pH 7.0), 50 mM KCl; synthetic wt bZIP stock solution (10 µM) was prepared likewise. CD samples were freshly prepared from DNA and synthetic wt bZIP stock solutions to obtain final concentrations of 5 µM synthetic wt bZIP monomer and 2.5 µM DNA duplex. We tried
different buffer conditions and used expressed wt bZIP; however, the conditions above gave the best results. We also tried a larger excess of duplex (10 µM) and did not observe any difference in helicities. After mixing, CD samples were incubated at 15°C for 5 min. CD measurements were performed on an Aviv 215 spectrometer with a suprasil, 10 mm path length cell (Hellma). CD spectra were acquired between 175 and 300 nm at 0.2 nm increments and a sampling time of 0.2 s. The DNA CD spectrum was subtracted from each protein spectrum presented in Figure  4 . Each spectrum was averaged five times, and curves were not subjected to smoothing. The protein helix content was calculated according to Chau and co-workers (39) .
RESULTS
We present wt bZIP as being representative of bZIP R-helical structure and DNA-binding function. Although it is an engineered hybrid of the GCN4 basic region and C/EBP leucine zipper, its behavior is comparable to that of native GCN4 bZIP (15, 16) ; therefore, we extend our results with wt bZIP over the general class of bZIP proteins.
DNase I Footprinting Analysis. Figure 2 shows DNase I footprinting analysis of wt bZIP targeting AP-1, C/EBP, XRE1, E-box, HRE, and Partial site, performed with bacterially expressed wt bZIP. Footprinting was also performed with chemically synthetic wt bZIP. However, the footprints with bacterially expressed wt bZIP were more distinct than those with chemically synthetic wt bZIP. We suspect that the six-His tag that aids in protein purification is the cause of stronger footprints exhibited by expressed wt bZIP, as well as stronger DNA-binding affinities discussed below. The His tag is attached to the amino terminus of the basic region of expressed wt bZIP and has been found to promote aggregation (ref 40 provides an excellent review) and is therefore the likely source of experimental difficulties encountered maintaining protein solubility. Therefore, we suspect that while expressed wt bZIP binds to DNA target, the two His tags from the each arm of wt bZIP dimer can aggregate; such aggregation may be enhanced by metal ion chelation between His tags on each arm, for instance. Hence, the basic regions can form a "locked" dimer on the DNA binding site. Partial aggregation of His tags should not affect the selectivity of the basic region; however, it appears to enhance the ability of expressed wt bZIP to bind DNA targets with higher affinity and display more distinct footprints.
The footprint at the Partial site was unexpected, although its 5′-AGAC half site is similar to the native TGAC half site (17) . Qualitatively, DNA binding at the canonical AP-1 site is strongest; expressed wt bZIP shows a clean, strong footprint at AP-1 at 0.5 µM protein concentration (Figure 2 , lane 3). Among the noncognate sites examined by footprinting, expressed wt bZIP targets the C/EBP site the strongest; 0.5 µM wt bZIP shows a clear footprint at C/EBP target site ( Figure 2, lane 7) . Footprints of wt bZIP binding to XRE1 and the Partial site are somewhat weaker than to C/EBP; 0.5 µM wt bZIP still shows distinguishable footprints at these sites ( Figure 2, lanes 11 and 15) . Footprints at E-box and HRE are the weakest; 1-3 µM wt bZIP shows distinguishable, light footprints at these sites ( Figure 2, lanes 19, 20,  23, and 24 ). Figure 2 also shows DNase I footprints of wt bZIP dimer targeting the cognate (TGAC) and E-box (CAC) half sites (labeled A and B, respectively). An additional footprint coincides with an A tract that lies between these two half sites and appears to be an artifact. Hypersensitivity bands flank these footprints. Further up the footprinting lanes, more potential footprints and hypersensitivity can be detected, and these likely originate from the same reasons. Footprints and hypersensitivity at these sites are indicative of selective lowaffinity protein-DNA complexes that can form under our low-stringency conditions (note the low salt concentrations in Experimental Procedures). Detailed discussion of these sites was previously published (17) .
EMSA. Figure 3 shows EMSA of synthetic wt bZIP with all of the full and half sites listed in Figure 1 (see Supporting Information, Figure S2 , for the same EMSA with expressed wt bZIP): The concentration of wt bZIP is 1.5 µM in all lanes containing protein. In the EMSA shown in Figures 3  and S2 , binding to AP-1 and CRE is clearly the strongest, and we have previously characterized the interaction of wt bZIP to both AP-1 and CRE by footprinting and fluorescence anisotropy titration, which we used to show that the dissociation constant of expressed wt bZIP to AP-1 is 10 nM (15, 16) . Relatively weaker binding is seen at C/EBP, followed by XRE1, Partial site, both E-boxes, and weakest binding at HRE. Both the synthetic and expressed versions of wt bZIP exhibit this same trend of decreasing binding affinities, and these qualitative EMSA results parallel the footprinting results. Binding is still selective at these noncognate sites, for no binding is observed at the nonspecific DNA control site; note also that all duplexes used in EMSA contain the same flanking sequences with the target site embedded centrally, and no binding is observed in the flanking regions as well.
QuantitatiVe Measurement of Dissociation Constants at Full and Half Sites. Data presented are from EMSA with the synthetic wt bZIP, which is less prone to aggregation than the expressed version; however, some EMSA were performed on both the expressed and the synthetic versions of wt bZIP for comparison (Tables 1 and 2) . Most of the quantitative EMSA titrations were performed with a synthetic version of wt bZIP. Additionally, when EMSA is run with the expressed wt bZIP, higher band shifts are seen, and these likely correspond to higher-order multimers or soluble aggregates of wt bZIP ( Figure S2) ; no higher band shifts are observed with synthetic wt bZIP. These additional band shifts observed with expressed wt bZIP pose difficulty in accurate measurement and calculation of apparent monomeric dissociation constants, but we still present data obtained with expressed wt bZIP in Tables 1 and 2 for additional comparison of binding affinities. Thus, more straightforward and accurate quantitative EMSA with synthetic wt bZIP was pursued.
K d values reveal protein-DNA binding at full and half sites in the nanomolar to micromolar range, although some sites exhibited binding too weak for accurate measurement, as indicated in Table 1 . In these cases, net bound DNA fractions at 1 µM and 200 nM monomeric protein concentrations are provided in Table 2 . Figure 4 shows representative binding isotherms and graphically demonstrates that binding affinities for weak binders cannot be accurately measured. No binding was observed at the nonspecific control duplex or flanking sequences.
As measured by EMSA, wt bZIP dimer binds to AP-1 and CRE with very similar affinities as determined previously by fluorescence anisotropy titrations (16) . We note that those K d values obtained with expressed wt bZIP generally show tighter binding affinities than those with synthetic wt bZIP (Table 1) , although the values are very close and reproducible. This observation is in agreement with the footprinting results. In the case of AP-1, we measured binding with two different flanking sequences: The "wild-type" flanking sequence (referred to as duplex WT AP-1 in Figure 1) is that flanking the AP-1 site in the his3 promoter of the yeast genome (9), whereas we also measured AP-1 binding with the same arbitrarily chosen flanking sequence used in all other duplexes. We observe no difference in binding affinities due to changes in sequences flanking AP-1.
AP-1 and CRE are the tightest binding sites to synthetic wt bZIP at K d ) 12 nM; their half site, TGAC, is bound at K d ) 84 nM, which is a decrease in binding of 7-fold. This is in agreement with measurements by Hollenbeck and Oakley, who measured a 10-fold decrease in half-site binding (38) . In related studies, other labs have found that monomeric and dimeric GCN4 bZIP bind similarly and strongly to their target half and full sites (41) (42) (43) . The C/EBP full site is bound by wt bZIP dimer at K d ) 120 nM, which is notably strong binding at a noncognate full site and only 10-fold decreased from native AP-1 and CRE full sites. However, half-site binding of wt bZIP dimer at noncognate C/EBP drops sharply, by around 2-3 orders of magnitude, from that at the C/EBP full site: This result contrasts markedly with the modest 5-10-fold drop in binding between the canonical full and half sites. We were surprised to find that Table 1 are averaged from individual isotherms. the C/EBP half site shows very weak binding with K d > 5 µM, which is >50 times weaker than binding at the full site, given that the full site is bound well.
We observe a similar pattern of very weak or no half-site binding at the noncognate sequences. The full sites XRE1, Max, and Arnt E-boxes, and Partial site exhibit binding of wt bZIP dimer at 240 nM, >500 nM (both E-boxes), and 280 nM, respectively. These noncognate full sites are bound reasonably well; yet, their half sites are very weakly bound in the micromolar range; binding affinities could not be accurately obtained for any of the noncognate half sites (Table 1) ; therefore, binding fractions are presented in Table  2 . This extremely weak binding of noncognate half sites contrasts with the strong binding at the cognate AP-1 and CRE half site, TGAC.
CD Shows Induction of Helicity at Noncognate Sites. Nonspecific DNA can serve to preorganize R-helical protein structure in the bZIP: That is, the disordered or partially ordered DNA-binding basic region can be more fully ordered into the appropriate R-helical structure capable of binding the target DNA site by preorganizing first on nonspecific DNA. We therefore used CD to measure the induction of R-helicity in synthetic wt bZIP upon addition of short DNA duplexes containing target full sites: AP-1, C/EBP, Arnt E-box, and nonspecific DNA control ( Figure 5 ). The duplexes are the same as those used in EMSA, and all have the same flanking sequences (Figure 1) . Figure 5 shows the CD difference spectra that were obtained by subtracting the corresponding DNA control spectrum (including buffer) from the synthetic wt bZIP-DNA complex spectrum; CD spectra for the different DNA duplexes confirmed their structures to be B-form DNA and virtually identical. For an ideal R-helix, the mean residue ellipticity was calculated to be -37700 deg cm 2 dmol -1 (39). According to this ideal value, synthetic wt bZIP in the absence of DNA is 49% helical as measured at 222 nm. Upon addition of duplex DNA (1:1 ratio, protein dimer:DNA duplex), helicity of synthetic wt bZIP increases to approximately 60-75%: the strongly bound AP-1 (74%), reasonably bound C/EBP (65%), weakly bound Arnt E-box (73%), and unbound nonspecific DNA control (62%) all display significant induction of helicity. There were no major changes in helicities at 222 nm when the protein dimer:DNA duplex ratio was changed to 1:4 (data not shown).
For the selected sites, the increased helicities differed only modestly; yet, the thermodynamic binding affinities varied dramatically (Table 1) : Synthetic wt bZIP binds to AP-1 approximately 10 times stronger than to C/EBP and binds to C/EBP almost five times stronger than to Arnt E-box. CD with the nonspecific DNA control, which shows no detectable binding by wt bZIP, shows significant induction of helicity, similar to that at C/EBP. Thus, under our conditions, we were intrigued to observe comparable induction of helical structure in wt bZIP regardless of DNA duplex sequence; a Average values of net bound DNA fractions were obtained from two independent experiments (from same experiments presented in Table 1 ); wt bZIP at 200 nM protein monomer concentration. b Average values of net bound DNA fractions were obtained from two independent experiments (from same experiments presented in Table 1 ); wt bZIP at 1 µM protein monomer concentration. c Higher-order band shifts were not included in calculation of net bound DNA fractions (see text and Supporting Information). d Saturation protein binding was achieved at 1 µM protein concentration. (4), Arnt E-box (0), nonspecific control (‚‚‚), and AP-1 (s). Protein dimer was placed in 200 µL of 12.5 mM potassium phosphate buffer (pH 7.0), 50 mM KCl, such that final concentrations of protein dimer and DNA duplex were 2.5 µM each. Samples were equilibrated for 5 min at 15°C prior to measurement. Each spectrum was averaged five times, and curves were not subjected to smoothing. The DNA control spectrum (including buffer) was subtracted from each protein-DNA spectrum.
such a result may indicate that preorganization of bZIP transcription factors on genomic DNA can be part of the mechanism for bZIP binding its target in vivo. Induction of helicity by nonspecific duplexes appears to be variable and dependent on the different conditions and sequences of protein and DNA used. For example, little or no induction of helicity in bZIP derivatives upon addition of nonspecific DNA has been observed in some cases (44, 45) . However, Hollenbeck and Oakley found that their nonspecific DNA control induced comparable helicity in their GCN4 bZIP derivative as did the native AP-1 and CRE sites (38) . Regardless of strength of thermodynamic binding affinity, all of the sites that we examined by CD can preorganize R-helical structure, and there appears to be no clear relationship between binding affinities and structural stabilization.
DISCUSSION
The bZIP domain of GCN4 has been found to be capable of targeting noncognate DNA sequences, including XRE1, C/EBP, E-box, and HRE. These results indicate that likely the GCN4 bZIP, as represented by our related wt bZIP, may also be capable of binding other DNA sequences. None of the noncognate sites are bound as tightly as the canonical AP-1 and palindromic CRE sites; yet, binding at noncognate sites still shows sequence selectivity and significant binding affinities.
We suggest that these noncognate sites can be considered weak, yet selective, sites, and likely such sites abound in the cell and may assist in protein prefolding before binding the targeted site buried within a genome. Although the various DNA duplexes examined by CD show comparable levels of induction of helicity, the contribution of noncognate sites to preordering and stabilization of protein structure is expected to be greater than that of truly nonspecific DNA: Protein may spend more time residing, and therefore prefolding, at noncognate sites, if protein-DNA complexation occurs under thermodynamic equilibrium conditions in the cell. This point may be more relevant from a protein design perspective or in vitro experiments under equilibrating conditions. The von Hippel group demonstrated that nonspecific duplex DNA can serve as a template for ordering short Ala-and Lys-rich peptides into R-helices (46) . Similarly, Padmanabhan et al. found that Ala-rich 17-mers containing four lysines assumed compact, helical structures upon binding DNA; the folding penalty was worth 1-2 orders of magnitude in binding affinities (47) . In nuclear magnetic resonance (NMR) studies on the GCN4 bZIP/AP-1 complex, Palmer and co-workers found that although the GCN4 basic region is substantially helical, it is highly dynamic; restriction of the conformational space accessible to the basic region may significantly reduce the entropic cost associated with helix formation consequent to DNA binding (48) .
Preorganization of R-helical conformations by nonspecific DNA can be thermodynamically advantageous for highly selective and rapid targeting of a particular DNA site within a genome. If the helix folds only upon recognition of target DNA, the binding energy diverted to folding will reduce selective binding affinity. Additionally, a flexible DNAbinding domain may be more capable of making unfavorable interactions at nonspecific sites; unfavorable interactions can be avoided with a rigid DNA-reading head (46) . Thus, bZIP proteins may use binding at noncognate sites to assist in preorganizing stable, helical structure during the quest toward target DNA sites.
Binding at noncognate sequences of DNA in an organism's genome may not be of significance if these affinities are too weak to be of consequence or if kinetics, rather than thermodynamics, contributes more significantly to cellular binding activity. We obtain binding affinities that are reduced by 10-fold, for example, in the case of the C/EBP full site; this is still a significant degree of sequence-selective binding affinity. These results may lead us to consider that GCN4, as well as other transcription factors, while finding its canonical target site, can spend a significant part of its time in nonproductive complexes along the DNA in vivo.
As depicted in Figure 6 , GCN4 is capable of binding to specific DNA targets utilizing three different binding modes: dimeric binding observed when GCN4 binds its canonical full sites AP-1 and CRE, dimeric binding to its canonical DNA half site TGAC in which one monomer binds specifically to the canonical half site and the other monomer binds to DNA nonspecifically (38) , and monomeric binding to a single canonical half site (41, 49) . The wt bZIP is capable of selective dimeric binding to noncognate DNA full sites ( Figure 6A ) (17) . In this work, we found that wt bZIP is also capable of selective dimeric binding to noncognate DNA half sites utilizing the binding mode depicted in Figure 6B , as shown by EMSA band shifts consistent with dimeric, not monomeric, protein binding to noncognate half sites ( Figure  3B ). For wt bZIP, we find strong and specific binding to the canonical half site (K d ) 84 nM), but binding to noncognate half sites is extremely weak. This discrimination occurring at the level of monomer binding to half site may be how GCN4 avoids being trapped in nonproductive protein-DNA complexes as it searches for its target site.
A mechanism for avoiding such nonproductive binding is for the bZIP monomer to bind using the monomer (sequential binding) pathway, in which monomer binds the targeted DNA half site first, followed by cooperative binding of the second monomer to generate dimer. In stopped-flow experiments, Bosshard and co-workers showed that dimeric bZIP had not even formed by the time DNA binding was observed (43, 49) . Schepartz and co-workers showed that dimerization of the Jun-Fos bZIP is much slower than monomer binding to its DNA target, despite Jun-Fos heterodimerization occurring rapidly in the absence of DNA and being notably strong with a dimerization constant of 54 nM (42, 50) . In these cases, kinetic data support the monomer over dimer pathway, in which the bZIP dimer forms first before binding to the full target site.
The monomeric binding pathway has been observed in other protein families. Sauer and co-workers found that the Arc repressor monomer's folding is stimulated by templating nonspecifically with nucleic acid and polyanion polymers and then completing folding in this bound state. Similarly, nonspecific interactions with abundant cellular DNA and RNA can aid Arc folding and DNA association (51). Locker and co-workers examined dimeric homeodomain HNF1 (52) . Strongly bound half sites averaged 6.3/7 bp matches, and some half sites matched only 1/7 bp. Two complications are that substitutions are dependent on other substitutions and sequence context: Even a weakly recognized DNA site is functional if adjacent factors, including those in the transcriptional activation complex, stabilize the HNF1-DNA complex (52) .
A number of proposals describe how proteins can locate their specific DNA targets with rates at, or even, exceeding the rate of diffusion: These include facilitated diffusion, onedimensional sliding, intersegmental transfer, short-range diffusive hopping, and processivity (see refs 53 and 54 for reviews). The monomeric binding pathway for protein recognition of DNA can be accommodated in all of these models for rapid, specific recognition of target sites. Our thermodynamic data also provide evidence for monomeric binding being critical for discrimination among target sites. Although noncognate full sites, including regulatory sequences C/EBP, XRE1, E-box, and HRE, can be targeted with sequence selectivity and significant binding affinities by the GCN4 bZIP, half-site binding varies dramatically: Only the cognate half site TGAC is bound strongly at low nanomolar affinity (K d ) 84 nM), whereas all other half sites show binding at least 3 orders of magnitude weaker.
This work demonstrates that the bZIP is a versatile and flexible protein motif for recognition of DNA, as it can also target noncognate sequences with high to low affinities. The bZIP naturally exists as a dimer, but monomeric binders can also be designed. Although we show that monomeric binding affinities are extremely weak aside from the native half site, the bZIP can serve as a platform for design of short R-helical monomers with fine-tuned binding specificities and affinities. Such monomers can also be homo-or heterodimerized, thereby further exploiting the utility of the bZIP platform for design. Because in vitro work is often performed under thermodynamic conditions and the experimental environment can be controlled, the bZIP may be an ideal platform for dissection of protein-DNA recognition, further manipulation, and design. The data presented here may be useful in design of new R-helical proteins capable of targeting specific DNA sites: Binding affinities and sequence selectivities can be tuned as desired, whether for use as a scientific tool or possible therapeutic.
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